Optrodes based on Prussian blue (PB) are promising for hydrogen peroxide detection within PEMFCs to study the MembraneElectrode-Assembly degradation. The PB film is however required to sustain the harsh environment of PEMFCs. In this work, PB films were deposited through different conditions and soaked in Phosphate-Buffer-Solutions with pH 2 at elevated temperatures for a day. These PB films were characterized using FTIR to analyze their stability following PBS processing at operating temperature and pH corresponding to an operating PEMFC. The PB film prepared using the single-source-precursor at the temperature of 60 • C is found to be the most stable. 4 However, PB film was found to leach into the sensing test solution at the temperatures and pH levels of an operating PEMFC, leading to an inconsistent sensing behavior.
1,2
Understanding the underlying degradation mechanisms requires H 2 O 2 sensors that function in the harsh environment of PEMFCs. Various approaches proposed to date for sensing H 2 O 2 are reviewed in Botero et al, Sensors and Actuators 2013. 3 Here we focus on sensing based on Prussian blue (PB), ferric ferrocyanide, which has been successfully demonstrated as an indicator of H 2 O 2 . 4 However, PB film was found to leach into the sensing test solution at the temperatures and pH levels of an operating PEMFC, leading to an inconsistent sensing behavior. 5 This paper presents an experimental study of the stability of PB films deposited with alternative methods and at various temperatures.
The presence of H 2 O 2 in PEMFCs has been detected by analysis of the effluent condensate from the anode and cathode. [6] [7] [8] Two pathways have been proposed for the formation of H 2 O 2 in PEMFCs. First, oxygen reduction occurs at the cathode according to the reaction 1. The alternative view is based on the crossover of oxygen from the cathode to the anode side, which provides the oxygen needed to react with hydrogen, and produces H 2 O 2 at the anode, reactions 2 and 3.
Membrane degradation by H 2 O 2 has been investigated by introducing Nafion membranes to H 2 O 2 solutions at 80 • C. 2, 9 After H 2 O 2 processing of Nafion, fluoride and sulfate ions (F − and SO 4 2− ) were detected in the solution which are derived from the C-F bonds and the sulfonic acid groups, respectively. Kinumoto et al. observed that the loss of sulfonic acid groups of Nafion reduces the proton conductivity, and the decomposition of the C-F bonds leads to membrane thinning and the formation of pinholes. 2 Qiao et al. showed that the proton conductivity, water uptake and the water self-diffusion coefficient gradually decrease with H 2 O 2 processing. 10 Furthermore, Nafion is used in the catalyst layer to provide ionic conduction pathways. Therefore, decomposition of Nafion inside the catalyst layer also causes a reduction in the effective reaction area and increases the overpotential of the cell. To date, the only report of in situ detection of H 2 O 2 is based on an electrochemical method in which, Pt wires were used as electrodes to detect H 2 O 2 in a PEMFC. 10 These sensors were able to detect H 2 O 2 in the fuel cell but were not able to measure concentrations. The applicability of this or any other amperometric sensors in this application is limited by interference effects from the electrical fields created by fuel cell operation. The currents in fuel cells are a potential source of electromagnetic noise which can induce currents in the Pt wires, based on Faraday's law of induction, leading to inaccurate measurements.
Recently, optrodes have been demonstrated for in situ sensing of temperature and relative humidity in PEMFCs. 11, 12 Optrodes are well-suited to this application because their small size allows high spatial resolution and minimally disruptive access to the fuel cell. Furthermore, optical signals do not interfere with electrochemical processes in the fuel cell and are immune to electromagnetic interference. In addition, the fiber material (i.e. silica glass) is compatible with the electrochemically active environment inside the fuel cell.
In a recent study, the authors developed a H 2 O 2 optrode based on chemical deposition of PB onto the tip of an optical fiber. 13 The sensor detects H 2 O 2 in a spectroscopic manner based on the oxidation of Prussian white (PW), PB reduced state, to PB in presence of H 2 O 2 , reaction 4, and evaluation of corresponding changes of the reflected light from the optrode. This sensor responds reliably to H 2 O 2 concentrations in aqueous solutions at room temperature. However, the sensor responses are not consistent at higher temperatures which is likely attributed to leaching of the PB film into the sensing test solution.
In the present work, we want to address the stability of PB films at elevated temperatures. PB films were deposited on glass microscopy slides at different condition. The samples were immersed in Phosphate-Buffer-Solution (PBS) at elevated temperature and low pH to investigate the film stability in environment similar to that in an operating fuel cell. These PB films were characterized using Fourier 
Experimental
Deposition of prussian blue films.-PB films were deposited on the substrates using three different processes. The first process comprises chemical deposition of PB through the sol-gel process and dip-coating technique. The sol-gel process was performed using a mixture of 25 mL of anhydrous ethanol, 25 ml of TEOS, 50 mL of an aqueous solution of 0.1 M hydrochloric acid, 50 mM potassium ferrocyanide, and 50 mM iron chloride (III). The prepared mixture was left at room temperature for 4 hours for gelation.
The second process comprises chemical deposition of PB films over a 5 hour period using a solution, containing both iron valences, of 5 mM potassium ferrocyanide and 5 mM iron chloride (III) in 50 mL of an aqueous solution of 0.1 M hydrochloric acid.
The third process involved deposition of PB films using potassium ferricyanide as a single-source-precursor (SSP). SSP is a synthesis approaches in which all the elements that are required in the final product are incorporated into one compound. Following the procedure discussed in our previous work 13 to synthesize PB using potassium ferricyanide, photo-induced deposition of PB films was performed during 5 hours, in which 10 mM of potassium ferricyanide was added to 50 mL of an aqueous solution of 0.1 M hydrochloric acid. 13 All three processes were performed in solutions at 60
• C and the prepared samples were dried first at room temperature and then at 100
• C for 15 min. The sources of the chemicals are documented in Table I To increase the adhesion of PB films to the substrate, the OH groups on the surface of the substrate were activated by an acid treatment comprised of first washing with soap and distilled water and then treating with 68% HNO 3 for 5 minutes. The substrate was then rinsed with distilled water and cleaned with ethanol. Finally, the substrate was placed into the oven at 100
• C for 2 hours. To study the effect of synthesis temperature on stability of PB films, additional samples were prepared through the SSP route at temperatures of 40
• C, 60
• C, and 80 • C. Deposition was also attempted at 20
• C, but the rate of deposition was found too slow. Figure 1 shows the experimental procedure.
PBS processing of samples.-PBS at pH 2 and buffer strength of 100 mM was prepared using di-sodium hydrogen phosphate dihydrate and sodium dihydrogen phosphate dihydrate. Two samples were prepared using each deposition processes, with one sample subjected to PBS processing, and each deposition process has been done twice to ensure the repeatability of the results. PBS processing was performed by immersing and leaving the samples in PBS at 80
• C for 21 hours and, thereafter, at 90
• C for 3 hours. Finally both samples prepared using each deposition processes were characterized using FTIR to study the effect of deposition process and synthesis temperature on stability of PB films.
Results and Discussion
Effect of synthesis process and precursors.- Figure 2 shows the FTIR spectra, in the range 2500-1500 cm −1 , of the samples synthesized through different processes before (solid lines) and after (dashed lines) PBS processing. The peak at 2083 cm −1 is the characteristic absorption peak of PB which is ascribed to the stretching vibration of C≡N group in PB structure.
14 Considering the Beer-Lambert law, Equation 5, the transmittance of light (T) through the material has an inverse relation with the amount concentration of material (c i ) within the pass length of the beam of light (l). Since just the characteristic absorption peak of PB is studied here the molar attenuation coefficient (ε i ), which is an intrinsic property of a material, would be constant. Therefore, increasing the transmittance in FTIR spectra would be due to decreasing the amount of PB within the sample. This might happen in case of leaching PB film into the PBS.
Among the three different deposition processes, the samples prepared through the sol-gel process, Figure 2a , exhibits the weakest peak at 2083 cm −1 before PBS processing, and almost no characteristic peak after PBS processing. This indicates the PB film has completely leached into the PBS. Conversely, the sample prepared with the SSP process, Figure 2c , has the strongest peak at 2083 cm −1 both before and after PBS processing, indicating this is the most stable PB film. The sample which was prepared with the chemical process using both iron valences, Figure 2b , does not suffer from complete leaching in PBS; however the characteristic peak of PB at 2083 cm −1 is not as strong as the peak for the samples prepared using SSP. We conclude that less PB is deposited onto the substrate through the second process compared to the SSP process.
Effect of synthesis temperature.-The PB film prepared through the SSP process was the most stable both before and after PBS processing. Therefore, this process was chosen for further investigation with respect to the effect of synthesis temperature on the stability of PB films. Figure 3 depicts the FTIR spectra in the range of 2500 cm −1 to 1500 cm −1 for the samples synthesized at different temperatures ranging from 40
• C to 80
• C. The solid lines and dashed lines are the spectra of the samples before and after PBS processing, respectively. The sample which was prepared at 40
• C has no distinct peak at 2083 cm −1 after PBS processing which indicates the PB film has completely leached into the PBS, Figure 3a . On the other hand, the PB films prepared at 60
• C and 80 • C have a strong peak at 2083 cm −1 both before and after PBS processing (Figures 3b and  3c ) which confirms stability of PB films prepared at these temperatures. As there is no significant difference between the PB films prepared at 60
• C and 80
• C, a temperature of 60
• C is selected as the synthesis temperature to achieve the most stable PB film through this technique. 
Summary
PB films were synthesized using three different chemical processes. The stability of the films was assessed by PBS processing at temperature and pH corresponding to an operating PEMFC. The film prepared through SSP had the highest stability after PBS processing. The effect of synthesis temperature on stability of the PB films was also investigated by preparing films through SSP route at temperatures of 40
• C, and 80
• C, and by subsequently processing the samples in PBS solutions. This experiment revealed the film that was prepared at 40
• C was completely leached into the PBS, while the films that were prepared at 60
• C were sufficiently robust to sustain the PBS processing.
Preparing optrodes based on PB through SSP at temperature of 60
• C and performing sensing tests at temperature and pH corresponding to an operating PEMFC will be considered in future work.
